Temporal development of Erysiphe polygoni and responses of bigleaf hydrangeas (Hydrangea macrophylla) to the fungal attack were investigated using bright-field and fluorescence microscopy. Conidia germinated 2 h after inoculation (HAI) and formed primary appressoria at the tip of the primary germ tubes within 4 HAI. Secondary germ tubes were initiated from primary appressoria or other parts of conidia 12 HAI. Hyphae developed through elongation of secondary germ tubes, and paired lateral appressoria were formed along hyphae within 2 days after inoculation (DAI). Conidiophores and conidia were formed 5 DAI. In the susceptible cultivar Nikko Blue and the resistant cultivar Veitchii, the fungus established a parasitic relationship, which was indicated by the formation of haustoria under primary appressoria and development of secondary germ tubes at 1 DAI. A hypersensitive response (HR) and accumulation of callose were detected in both resistant and susceptible cultivars at 3 DAI. Resistance to powdery mildew in Veitchii was evident by manifestation of early accumulation of callose, relatively high percentage of necrotic infected cells, and restricted colony development compared to the susceptible cultivar Nikko Blue. Restricting hyphal growth and sporulation by early response of callose accumulation and HR are important resistance mechanisms that could be used in screening hydrangeas for resistance to powdery mildew.
Bright-Field and Fluorescence Microscopic Study of Development of Erysiphe polygoni in Susceptible and
Many plant pathogenic fungi penetrate host cells by means of enzymatic and/or physical mechanisms. At the same time, a series of defense responses is induced in host plants when a pathogen is recognized (13) . Powdery mildew fungi develop on surfaces of hosts except for haustoria that are formed inside host cells and absorb water and nutrients. Therefore, infection structure formation and fungal development can be studied by microscopic techniques. Fungal development and host responses have been documented for many powdery mildew pathosystems. An early response to powdery mildew fungal attacks is formation of papillae by accumulation of callose and/or compounds, such as lignin, on the host cell walls opposite penetration sites (5, 10, 34) . After establishment of a biotrophic relationship, a hypersensitive response (HR), characterized as a rapid death of the attached cells, is another major resistance mechanism to restrict fungal development (4, 21, 29, 33) .
Powdery mildew, caused by Erysiphe polygoni DC., is a foliar disease of bigleaf hydrangea (Hydrangea macrophylla (Thunb.) Ser.). Plants grown in greenhouses or in shade are particularly susceptible to the disease (7, 35) . Powdery mildew colonies develop on the upper and lower leaf surfaces and affect inflorescences (35) . Fungal colony growth can cause yellow or purple blotches on infected leaves (7). Variation of reaction to E. polygoni among bigleaf hydrangea cultivars has been noted in greenhouses and gardens (7). However, the infection process of the fungus and the nature of defense reactions in host plants are unknown. For developing efficient integrated disease management strategies of powdery mildew for hydrangea, it is essential to understand how the fungus infects plants and how plants respond to fungal attacks. The objectives of this study were to describe the infection process, examine host responses to the fungal attacks, and compare fungal development in susceptible and resistant cultivars of bigleaf hydrangea.
MATERIALS AND METHODS
Plants and inoculum. Two-year-old bigleaf hydrangea plants of 'Nikko Blue' and 'Veitchii' were potted in 3-gallon con- Inoculation. Healthy hydrangea leaves were collected from the plants of Nikko Blue and washed in running distilled water for 1 min. Leaf disks, 0.9 cm in diameter, were cut using a cork borer and placed adaxial surface up on two layers of moistened filter paper in 9-cm-diameter petri dishes. Leaf disks were inoculated with E. polygoni conidia from diseased hydrangea leaves in a settling tower (20) and incubated at 21 ± 1°C with a continuous photoperiod. Light was provided by four 40-watt residential fluorescent bulbs from 45 cm above leaf disks. The spore density on inoculated leaf disks was maintained at 4 to 6 conidia/mm 2 by adjusting the number of air blasts during the inoculation. Conidia per unit area of leaf disks were determined by counting spore numbers on the glass slide placed beside the leaf disks when they were inoculated in the settling tower.
Infection process observation. Leaf disks were sampled at 1, 2, 3, 4, 5, 6, and 12 h after inoculation (HAI), and at 24-h intervals from 1 to 5 days after inoculation (DAI). Sampled leaf disks were fixed by soaking the disks in a drop of 95% ethanol in a petri dish for 3 h and stained with Calcofluor white in 10% KOH (Eng Scientific, Inc., Clifton, NJ). Stained disks were mounted on glass slides and examined for the development of infection structures and fungal colonies using an Eclipse 80i fluorescence microscope with UV 2E/C filter block (excitation 340 to 380 nm) (Nikon Instruments, Melville, NY). Fungal structures fluoresced blue on the black background of the leaf disks. The sizes of hyphae, conidia, and conidiophores were measured using NIS-Elements software (Nikon Instruments).
Haustorium and dead cell observation. Fungal haustorium formation and host cell death were examined after staining leaf disks with trypan blue as described by Sillero and Rubiales (31) . Inoculated leaf disks were sampled in a series of time points as described above and placed on two layers of filter paper moistened with acetic acid:ethanol (1:3, vol/vol) fixation solution for 30 min. Fixed disks were stained with 0.05% trypan blue in lactophenol:ethanol (1:2, vol/vol) in an autoclave at 121°C for 3 min. Cooled stained leaf disks were cleared on filter papers soaked with saturated chloral hydrate (5:2, wt/vol) for 48 h at room temperature by replacing filter papers and chloral hydrate at 24 h. The disks were mounted in 50% glycerol, and coverslips were sealed on glass slides with Permount (Fishers Scientific, Fair Lawn, NJ). Dead cells were assessed by observing 100 to 130 infected cells with haustoria for each leaf disk using a compound microscope with brightfield microscopy. Percent dead cells was defined as the percentage of infected epidermal cells with more than 50% of the cell wall heavily stained by trypan blue at 5 DAI. Experiments were conducted as a randomized complete block design. The inoculation in the settling tower was a blocking factor, and the experiment was repeated two times. Data were analyzed using a general linear regression procedure, and means were compared using the least square differences of SAS software (Version 9.1, SAS Institute Inc., Cary, NC).
Callose observation. Inoculated leaf disks were sampled and fixed on two layers of filter paper soaked with acetic acid:ethanol solution (1:3, vol/vol) in petri dishes for 48 h. Filter papers and the fixation solution were changed after 24 h during the fixation process. Disks were soaked in a drop of distilled water in a petri dish for 24 h, stained with 0.01% aniline blue in 0.05 M K 2 HPO 4 , pH 9.5, for 2 h, soaked in water for 30 min, and then mounted in 50% glycerol on glass slides (27) . Coverslips were sealed onto slides with Permount and examined using the fluorescence microscope with a BV-2A filter block (excitation 400 to 440 nm) and differential interference contrast (DIC) microscopy.
Colony development. Inoculated leaf disks were sampled at 6 DAI and stained using a method described by Schiffer et al. (30) . Sampled disks were placed on two layers of filter paper saturated with a solution of 0.15% trichloroacetic acid in chloroform:ethanol (1:4, vol/vol) in petri dishes at room temperature (20 ± 1°C). Filter papers within the petri dishes were changed at 24 h during a 48-h period. Cleared leaf disks were stained with 0.6% Coomassie brilliant blue R-250 in 10% trichloroacetic acid for 30 s and washed with 5 drops of distilled water. After disks were mounted in 50% glycerol on glass slides, development of hyphae, branched hyphae, and conidia was observed using a compound microscope with bright-field. Necrotic host cells or lesions were observed on fresh leaf disks using a stereo microscope, and images were acquired using a Sony digital still camera MVC-CD500 (Sony Electronics Inc., Park Ridge, NJ).
RESULTS
Infection process. The morphology and infection sequence of E. polygoni on leaf disks of Nikko Blue were observed using fluorescence microscopy. Conidia of E. polygoni were ovoid-ellipsoid in shape, 29.4 µm (SD = 4.4 µm, n = 27) in length Fig. 1 . Light micrographs of development of Erysiphe polygoni on hydrangea leaf disks stained with Calcofluor and observed under a fluorescence microscope using UV 2E/C filter block (excitation 340-380 nm). A, Germinating conidium with primary germ tube (PGT) at 2 h after inoculation (HAI), scale bar = 10 µm; B, formation of primary appressorium (PA) at the tip of primary germ tube 4 HAI, scale bar = 10 µm; C, secondary germ tubes (SGT) initiated from a conidium and primary appressorium with a septa (SE) separating the conidium and primary appressorium 12 HAI, scale bar = 10 µm; D, growth of secondary germ tubes as hyphae (HY) with septa and lateral appressoria (LA) 1 day after inoculation (DAI), scale bar = 40 µm; E, multiple appressoria (MA) between two septa, scale bar = 20 µm; F, more than one hypha growing from a conidium and branched hypha (BHY) 3 DAI, scale bar = 50 µm; G, a branched hypha with a septa near the hypha, scale bar = 20 µm; H, a colony developed from a germinated conidium, note sporulation, scale bar = 200 µm; and I, close-up of a conidium (C) at the top of a conidiophore (CPH) with septa, scale bar = 50 µm. and 8.9 µm (SD = 0.9 µm, n = 26) in width. Germinating conidia initiated primary germ tubes 2 HAI (Fig. 1A) . Multilobed primary appressoria developed at the tip of primary germ tubes 4 HAI (Fig. 1B) . By 12 HAI, secondary germ tubes were initiated from primary appressoria and the other parts of the conidia (Fig. 1C) . Secondary germ tubes continued to grow as hyphae with paired lateral appressoria (Fig.  1D ). Multiappressoria were occasionally observed from a hyphal cell, although a single pair of appressoria was common (Fig. 1E) . Among the two or three hyphae developed from a germinated conidium, at least one hypha originated from the primary appressorium (Fig. 1D and F) . By 3 DAI, branched hyphae developed from elongated hyphae (Fig. 1F and G) . Average width of branched hyphae was 4.1 µm (SD = 0.5 µm, n = 34). Branched hyphae developed at an acute angle without the septa delimiting them from original hyphae (Fig.  1G) . Hyphae maintained directional growth from the point of their initiation to form colonies. Conidiophores and conidia were observed on fungal colonies 5 DAI (Fig. 1H) . Conidiophores that were perpendicular to hyphae were delimited by a septum at the bottom of the base cell followed by two or three straight cells (Fig.  1I) . The width of conidiophores was 7.1 µm (SD = 0.6 µm, n = 26), which was wider than that of branched hyphae.
Cellular responses to the fungal attack. To visualize the development of haustoria within epidermal cells and HR, inoculated leaf disks were stained with trypan blue and examined using brightfield microscopy. Haustoria were observed in epidermal cells under primary appressoria in both Nikko Blue and Veitchii 1 DAI ( Fig. 2A and B) . By 3 DAI, dead cells were not detected in the susceptible cultivar Nikko Blue (Fig. 2C) , whereas heavily stained cell walls, indicating cell death, were observed in resistant Veitchii at 3 DAI (Fig. 2D) . By 5 DAI, dead cells were observed in both Nikko Blue (Fig. 2E) and Veitchii (Fig. 2F) . In general, the number of dead cells was greater on Nikko Blue than on Veitchii, which was associated with more infected cells in plants of Nikko Blue. However, the mean of percent dead cells in infected epidermal cells was significantly different between two cultivars (P = 0.0040) at 5 DAI. The percentage of dead cells for Veitchii (65.6%) was three times greater than that for Nikko Blue (21.2%).
Callose accumulation. To examine the accumulation of callose responding to the fungal attacks, leaf disks were stained with aniline blue and examined using epifluorescence and DIC microscopy. By 1 DAI, callose accumulation was rarely detected under the primary appressoria on the susceptible cultivar Nikko Blue (Fig. 3A) , but callose accumulation was commonly observed under the infection sites in the resistant cultivar Veitchii (Fig. 3B) . By 3 DAI, callose accumulated under primary and lateral appressoria in leaf disks of Nikko Blue (Fig. 3C) and Veitchii (Fig.  3D) .
Colony development. Radial fungal colonies with plentiful branched hyphae developed from germinated conidia and sporulation were observed on susceptible Nikko Blue 6 DAI (Fig. 4A) . However, on the resistant cultivar Veitchii, branched hyphae were not, or rarely, detected, although hyphae developed from germinated conidia (Fig. 4B) . By 10 DAI, necrotic cells were detected in both susceptible Nikko Blue and resistant Veitchii, but sporulation was observed only on the susceptible cultivar (Fig. 5A) , not on the resistant cultivar (Fig. 5B) .
DISCUSSION
In this study, epifluorescence and brightfield microscopy were employed to examine the development of E. polygoni on detached leaf disks of bigleaf hydrangeas. To our knowledge, this is the first time that details of the infection process of E. polygoni have been described and the first attempt to compare responses to the infection of the fungus in resistant and susceptible bigleaf hydrangea cultivars. Restriction of colony development by early accumulation of callose and HR in Veitchii provide important information for breeding of resistant cultivars and management of powdery mildew in bigleaf hydrangeas.
Conidia of E. polygoni initiated primary germ tubes 2 HAI, and primary appressoria formed at the end of primary germ tubes 4 HAI, which is similar to the reports for other powdery mildew fungi (3, 12, 24, 25, 32) . However, patterns of infection structure formation differed from reports of some pathosystems of powdery mildew. Conidia of Erysiphe pulchra (Cooke & Peck) U. Braun & S. Takam., causal agent of powdery mildew of dogwood, initiated two to three primary germ tubes from a conidium, and the primary appressorium formed at the end of only one of the primary germ tubes. Secondary germ tubes were initiated from primary appressoria (20) . In contrast, the primary germ tubes of Blumeria graminis (DC.) E.O. Speer, the causal agent of wheat and barley powdery mildew, did not form appressoria, but the secondary germ tubes formed hook-shaped appressoria, and hyphae developed from appressoria (2,11,16). In the present study, conidia of E. polygoni initiated only one primary germ tube, the appressorial germ tube, and two to three secondary germ tubes emerged from primary appressoria and conidia. The pattern of primary appressorium formation, or the appressorial germ tube initiation, was reported to be a distinguishing feature in powdery mildew fungi (16, 20) .
Powdery mildew fungi are obligate biotrophs that have mycelial growth occurring only on the plant surfaces. Hypha development by elongation of the secondary germ tube occurs after haustorium formation in epidermal cells under primary appressoria. Formation of functional haustoria or development of hyphae from conidia was considered as the establishment of a parasite relationship for powdery mildew fungi (13, 15, 20) . In the present study, the formation of haustoria and hyphal growth in susceptible and resistant cultivars at 1 DAI indicated that E. polygoni can establish a parasite relationship with host plants regardless of levels of resistance. In some observations of the present study, multiple appressoria were associated with a hyphal cell, although a single pair of appressoria was common. The frequency of multiple appressoria of Uncinula necator (Schw.) Burr. was associated with increased resistance levels to powdery mildew in grapevine cultivars (8), leaf ages (18) , and berry ages (9). These results suggested that multiple appressorium formation might be due to the need for additional functional haustoria to support fungal growth.
Physical reinforcement of cell walls through the formation of papillae at penetration sites is widely recognized as an early response in host plants to microbial attack (10, 14, 19, 23) . A common compound of papillae is callose (β-1,3-glucan) (13), but papillae formation was reported to be independent of callose deposition in the interaction of Arabidopsis and Erysiphe cichoracearum DC. (23) . Deposition of papillae is detectable under penetration sites in both compatible and incompatible plant-microbe interactions (1,13,37). However, accumulation of callose was earlier in resistant cultivars than in susceptible cultivars (13, 17, 19) . In the present study, callose accumulation was detected under the primary and secondary appressoria and parts of cell walls in both resistant and susceptible bigleaf hydrangea cultivars. However, callose accumulation under the primary appressorium was observed in the resistant cultivar at 1 DAI, which was 2 days earlier than in the susceptible cultivar. The present result suggests that early accumulation of callose is one of the resistance mechanisms to powdery mildew in hydrangea. Besides the accumulation of callose, papillae also have been reported to be sites for the accumulation of antimicrobial or microbial-static biochemical compounds including peroxidases, H 2 O 2 , phenolic polymines, proteins, and glycoproteins (6,10,28,37). Phenolics were reported to be associated with collapse of fungal haustoria (36) or antifungal activity (22) . Earlier response to fungal penetration in the resistant cultivar may slow the penetration process and/or the formation of haustoria due to epidermal cell wall toughening or antimicrobial products accumulation.
As a posthaustorial resistance mechanism, HR is considered to act against biotrophic pathogens by restricting access to water and nutrients from host cells (10) , preventing fungal development and restricting fungal growth (4, 21, 29, 31, 33) . Higher levels of resistance to powdery mildew were characterized as earlier HR (17, 26) or higher frequency of HR in epidermal cells with primary and secondary haustoria (12, 26) . In the present study, HR was 1 to 2 days earlier, colony development was restricted, and sporulation was delayed on the resistant cultivar compared to the susceptible cultivar. Additionally, percentages of dead infected cells were higher in the resistant cultivar than in the susceptible cultivar. These results suggested that HR and restriction of fungal growth are important resistance components that could be used to screen hydrangea plants for resistance to powdery mildew.
In the present study, we documented the infection structure formation and colony development of E. polygoni in susceptible and resistant bigleaf hydrangea cultivars. Haustoria formed in epidermal cells are important fungal structures for powdery mildew fungi since hyphae growth and colony development on host surfaces rely on water and nutrient from host epidermal cells. Further studies are needed to understand early responses of resistant hydrangea in the aspects of histology, ultrastructure, biochemistry, and associated genes.
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